L N

pon ;m,‘§55 L

Yudan ¥

Toth, jiaﬁéfag Wang, and Chris Rizos

. Kinematic positioning has become a standard GPS technique for precision navigation that supports sur-
veying and mapping systems. One application for which the high accuracy and reliability of kinematic
positioning are required is mobile mapping, whose market has significantly expanded in the past 10

years.

Inertial navigation systems (INSs) normally augment GPS to provide continuous and accurate trajecto-
ry and attitude information from the imaging sensors of mobile mapping systems. GPS contributes high
; accuracy and long-term stability (with properly resolved integer ambiguities and no losses of lock) and
- provides a means of error estimation for the INS sensor. A GPS-calibrated INS provides reliable bridging
' during GPS outages and supports amhiguity resolution after the GPS signal fock is reestablished. Thus,
 high navigation accuracy normally can be achieved even if GPS signals are subject to occasional block-

ages.

. But what if GPS signals are lost for extended periods of time or the visible constellation is limited to
 four or fewer satellites, which can often happen in urban canyons? Pseudosatellites (pseudolites) may be

 the answer.

This month’s column discusses an experimental GPS/INS/pseudolite system, with special emphasis
- on the error spectrum and the navigation performance analysis based on a medium-accuracy and highly
treliable INS, limited GPS constellation availability, and a varying number of pseudolites. It also describes
simulated and actual pseudolite data in typical noisy environments and analyzes their impact on naviga-

]
! tion accuracy.
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] An integrated GPS/INS system
i constitutes a primary positioning
| component that supports direct platform
| orientation in mobile mapping systems.
: This configuration combines the advan-
| tages of high short-term accuracy and
' sampling rate of INS and high long-term
| accuracy and stability of GPS. To main-
‘tain sufficient accuracy and calibrate
jinertial sensor errors, however, at least
i four GPS satellites must be simultane-
tously observed (after the integer ambi-
- guities have been resolved). This require-
‘ment holds for the so-called loose-
. integration scheme; the tight integration
| system can use fewer satellites. (In the
Itightly integrated approach, raw GPS
observations update the GPS/INS fil-
ter, whereas a loosely coupled approach
-uses GPS-derived position and velocity
| updates that are combined with INS solu-
‘tions in the GPS/INS filter.) However,
. none of the the integration modes can

| tolerate partial or complete losses of lock
| for very long.

Because without GPS calibration INS

| errors grow with time, the quality of the
{ navigation solution decreases when the

number of GPS satellites drops to fewer

. than four. In this case, stand-alone INS '
; performs the navigation when loose cou-
| pling is used. Or, when tight integration :
| is applied, only partial GPS information -
. can be exploited (still, the filter observ- :
I ability is not equivalent to the case of

four or more satellites required to esti-

| mate three-dimensional positions; for
i example, with three satellite observables :
i only two coordinates can be determined).
These circumstances create a significant
. drawback for land-based GPS/INS sys-
i tems operating in urban canyons or open-
| pit mines where losses or partial block-
. ages of GPS signals occur frequently. To
! circumvent this problem, one should use
| additional sensors such as pseudolites

1o augment the GPS/INS conliguration.

What Are Pseudolites?

Pseudolites (PLs) are ground-based satel-
lite-like transmitters that can generate
and transmit GPS-like ranging signals
to improve outdoor GPS availability or
even entirely replace the GPS constella-
tion for indoor applications. PLs trans-
mit GPS-like signals on the L1 (1575.42
MHz) and possibly on L2 (1227.6 MHz)
frequencies, using either the C/A-code
or both C/A- and P-code. Normally, stan-
dard GPS receivers with minor firmware
modifications can track PL signals.
Introducing PL arrays can significanly
improve satellite geometry. Consequently,
positioning accuracy and reliability (both
internal and external) can improve, espe-
cially in the vertical component and main-
lv as the result of the low elevation angle
of PLs (normally less than 15 degrees).

PL signals may also support integer
ambiguity resolution. The geometric con-
figuration of PLs is very important, how-
ever; and becomes crucial for indoor appli-
cations. Even though PLs generally improve
positioning accuracy, users should be
aware of their negative aspects. For exam-
ple, a much shorter distance exists between
a PL and the user receiver than with a
GPS satellite, so any errors in PL loca-
tion will have a significant effect on
the determined receiver antenna coor-
dinates. The degree of influence depends
on the geometry between the PLs and the
receiver (weak geometry may even cause
a singularity in the solution).

Another problem arises when a PL sig-
nal has a strong multipath signature,
which may come not only from reflect-
ing objects in the vicinity of a GPS receiv-
er's antenna but also from the transmitter
itself. In addition, the mixed differential
technique (i.e., GPS and PL combined)
compared with regular differential GPS
(DGPS) might eliminate fewer error
sources because of totally different geom-
etry. As well, the PL signal could inter-
fere with the satellite signals because the
PL transmitter is very close to the receiv-
ing antenna, in contrast to the GPS satel-
lites” position (the so-called near~far prob-
lem). Thus, the power level of the PL
should be carefully controlled.

Typical applications of PLs are
indoor/outdoor local positioning sys-
tems, personnel tracking systems, mobile
object tracking and control systems in
large factories, aircraft precision land-
ing systems such as the Local Area
Augmentation System, precision harbor
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oniry, precision farming, heavy industry
.ontrol in dangerous areas, military and
special applications, and DGPS data links.

In the near future integrated INS,
(lobal Navigation Satellite System, and
PL technologies most likely will gain
great flexibility and provide robust per-
formance in a wide variety of difficult
operational environments.

An Integrated System

Our GPS/INS/PL positioning system is
based primarily on the original Airborne
Integrated Mapping Systern (AIMS) con-
cept developed at The Ohio State
University in 1997, and its functionality
has been expanded to accept PL obser-
vations. Integrating PL. measurements
into a GPS/INS system is relatively straight-
forward. A PL can be simply considered
an additional GPS signal source that
requires different weights and tropos-
pheric model and has no ionospheric
delay included in the observation equa-
tion, unlike GPS observables. Figura 1
illustrates the structure of the extend-
ed GPS/INS/PL integrated system. The
system includes at least two GPS/PL
receivers — the base and the rover —
that track both GPS and PL signals. It
also includes a medium-accuracy and
highly reliable strap-down INS that pro-
vides attitude and velocity-rate mea-
surements. (A strap-down INS does not
use gimbals to stabilize its measurements.
The inertial sensors remain in a fixed
orientation with respect to the platform,
and stabilization is performed compu-
tationally.) An extended Kalman filter
provides a tightly coupled implemen-
tation that uses double-differenced (DD)
carrier-phase measurements to optimally
estimate position, velocity, and atti-
tude of the platform. In addition, the
accelerometer and gyroscope errors as
well as gravity deflections and anom-
aly are also estimated.

Data Processing. The data postpro-
cessing model of the extended
GPS/INS/PL integrated system con-
sists of three main steps:

@ forming GPS/PL DDs

@ strap-down navigation compu-
tation (i.e., the prediction step, using
inertial measurements and sensor error
estimates)

® GPS/INS/PL estimation (mea-
surement update).

DD measurements between GPS satel-
lites, PLs, and GPS receivers are formed
to remove most of the systematic errors
such as transmitter and receiver-clock
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FIGURE 1 The design architecture of a GPS/INS/PL integrated system.

errors. Due to the low-elevation angle of
PLs, an alternative tropospheric delay
correction model has been implement-
ed for PL data:

AByope = (77.8 £ + 375000 ,)10°4p

tropo —

in which A3,,,,,, denotes the tropospheric
correction between two receivers, Ap
is the difference in ranges between the
PL and the base and the rover receivers,
and P, T, and e are pressure in millibars,
temperature in kelvins, and partial water-
vapor pressure in millibars, respective-
ly. Using “standard” tropospheric con-
ditions at sea level (1013.25 millibars,
291.2 kelvins, and 15 millibars for pres-
sure, temperature, and water vapor pres-
sure, respectively), the tropospheric cor-
rection reaches 33.63 centimeters per
kilometer of receiver spacing. The actu-
al conditions may vary significantly from
the standard atmosphere, however. For
example, a deviation by + 10 percent (—10
percent) from the standard conditions
results in 33.03 centimeters per kilome-
ter (34.37 centimeters per kilometer) tro-
pospheric correction, and a +30 percent
(-30 percent) deviation results in a 32.10
centimeters per kilometer (36.50 cen-
timeters per kilometer) correction. Notice
that there is no elevation-angle depen-
dence in this model, and the assumption

FIGURE 2 Pseudolite with transmitting antenna. We
used a different antenna for our tests.

is that the meteorological conditions are |
identical for both receivers.

Real and Simulated Data
To investigate the performance of the |
GPS/INS/PL integrated system, we col-
lected an experimental GPS/INS/PL dataset
on May 4, 2001, at The Ohio State:
University campus. We selected a tall |
building (Lincoln Tower, whose height
is 75 meters) as the location of a PL,
which resulted in received signal ele-
vation angles of 7 to 13 degrees depend- |
ing on the vehicle location. Figure 2 shows
the PL we used in our tests. We deter- |
mined the precise coordinates of the |
transmitting antenna using GPS before ,
the experiment. We placed the GPS anten-
na on the tripod and determined the pre-
cise coordinates of the phase center. Then
we replaced the receiving antenna with
a transmitting patch antenna and used
the known separations of the phase cen-
ters of both antennas from the top of the
tripod to compute the coordinates of the
transmitting antenna phase center. We .
used two GPS receivers capable of track-
ing PL signals as base and rover stations.
We installed an INS sensor, with a sam- |
pling rate of 256 hertz, in a vehicle togeth- |
er with the rover GPS receiver. During
the test, we observed seven to eight GPS
satellites for a total of approximately
4000 epochs at 1-hertz data rate. |

Because only one PL was avail-
able, we simulated five additional :
PL datasets using predefined
PL-rover-base geometry and applied
random noise at the level displayed |
by a real PL measurement. Figure 3 |
shows the ground track of the,
GPS/INS/PL experiment and the
locations of the PLs. Because the
location of PLs has a significant
effect on the solution quality, we
selected the simulated PLs (PL2 |
to PL6) together with the real one |

GPS World july 2003 43

i




(PL1) to form a strong geom-

i . © 30.999

letry that entirely enclosed the

. van trajectory. i 39.998
Given that the PLs were 39.097

assumed to be located at

| approximately 75 meters above ® 39.996

: . @

Jf[he groundj the elevation 5 39.995

tangles relative to the rover | 2

| station varied from approx- | 8 39.994-

‘imately 7 to approximately | ¥ 3gg93

i 13 degrees, depending on the
'location of the roving receiv-
‘er. During the experiment,

39.992

: 39.991
| eight GPS satellites were avail-

| able above the elevation mask 39.990
‘angle of 15 degrees, with ele- 39.989

‘ vation angles of 17, 20, 30, 40,
148, 50, 63, and 69 degrees

|

|
:

L

-

2 pLS

o PL2
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tions. The REOP values
can be computed prior
to the survey, for analy-
sis purposes, as a square
I root of the trace of the
least squares cofactor
matrix,
(AT s Ay Vo3,

in which ¥ is theDD
covariance matrix with
cri in the main diagonal.
Figurs 5 shows that the PL
effects can be easily val-
idated by comparing the
| RDOP and RVDOP with

I

» PL4

- PL3 J

83.025 83.024 83.023 83.022 83.021 83.020

Longitude (degrees)

83.019

| or without PLs. One can
easily achieve significant
improvements in RDOP

83.018

1

'(PRN26 at 69 degrees was .
' selected as the base satellite

 for the double-differencing

' procedure). The mean of the DD a pri-
ori residuals for the real PL (PL1) was
1 0.14 millimeters, indicating no signifi-
cant PL multipath bias in the signal. Figura
4 illustrates a base-PL-rover separation
and corresponding PL elevation angle.

PL Effects

| To assess the effects of using PLs on posi-
tioning accuracy, we obtained a refer-
ence (“true”) solution using GPS/INS
'data only, with a constellation of seven
to eight satellites that provided approx-
imately 1-centimeter horizontal and
‘ approximately 2-centimeter vertical accu-
| racy (one sigma). We compared this solu-
‘tion with other solutions that included
'the PL data from a varying number of
| PLs.

| This article presents and analyzes the

i

FIGURE 3 Ground track of the GPS/INS/PL experiment.

i following solutions:

@ all GPS satellites and one PL
(GPS/INS/PL1)

® all GPS satellites and three PLs '

(GPS/INS/PL3)
@ a solution based on four highest satel-
lites and three PLs (GPS4/INS/PL3)

% a solution based on all available satel- .

lites and six PLs (GPS/INS/PLS6).
Before the lower satellites were removed,
400 seconds of full GPS constellation
data were used to calibrate INS errors.
Relative dilution of precision (RDOP)
and relative vertical dilution of precision
(RVDOP) are two important factors
for evaluating the performance of DGPS.

RDOP is a geometric factor that, simi-

larly to DOP, is used to assess the geo-

metrical strength of the actual satellite
configuration, but for relative observa-

and RVDOP by using
more PLs in optimally
selected locations.

A more interesting analysis can be per-
formed by comparing RDOP and RVDOP
of the GPS/INS/PL3 and the GPS4/INS/
PL3 solutions with another one in which
only the four highest satellites were used
(GPS4/INS). The last (GPS4/INS) sce-
nario simulates the urban canyon envi-
ronment, where usuallv only the high-
est satellites can be tracked. Figure 6 clearly
indicates that three low PLs combined
with four high GPS satellites can bring
RDOP and RVDOP back to the origi-
nal level, achieved with seven to eight
GPS satellites and three additional PLs.

Tables 1, 2, and 3 present a compar-
ison of the reference solution (1) with
GPS/INS/PL1 (2), and GPS4/INS/PL3 (3)
and GPS/INS/PL6 (4) with GPS4/INS (5).
‘fabie 1 summarizes the root-mean-square
(rms) differences in position, velocity,

i
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| FIGURE 4 The base-PL and PL-rover separation (a) and the corresponding PL elevation angle from the rover (b).
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and attitude obtained from solutions (1)
and (2), showing a very small effect on
the positioning accuracy when one PL
was added to the already geometrical-
ly strong constellation of seven to eight

GPS satellites.

Tables 2 and 3 show the real impact of
PLs on the positioning accuracy and indi-
cate the differences in the rms between
solutions (3) and (5), and (4) and (5).
Clearly, the three PLs, replacing the miss-
ing GPS satellites, can significantly improve
the rms. The use of six PLs further improves
the quality, but not to a significant level
because the solution with three PLs has
already provided a very strong geometry.
The most pronounced improvement is in
the height component — approximate-
ly 2.5 centimeters. However, the horizontal
rms also displays differences reaching
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approximately 1 centimeter, depending
on the vehicle location and thus the effec-
tive geometry. Also, the vertical compo-
nent of velocity and the heading are affect-
ed more than are the horizontal
components of velocity and attitude (i.e,

operating in urban environments is sub- |
ject to frequent losses of GPS lock or par- |
tial obstructions that result in degra- |
dation of navigation accuracy.,
Consequently, limiting the extended par- |
tial or total signal blockages, as well as

pitch and roll), respectively.

To better illustrate the effect TASLE 1 The mean, standard deviation {std), maximum, 2

of combining PL signals with and minimum rms differences in position, velocity, and i

INS observations during GPS attitude between solutions (1) and (2). Z
signal blockages, Figure 7 shows Difference Mean Std Max Min  Units
the three-dimensional position Tmsy 0.4 0.4 1.8 0.0 mm
exrors as a function of the num- Tmse ?; 8; ]3? 8? mm
ber of PLs used in the solution ;mzH OlO 0.0 0'] 0.0 mxz
(INS was GPS calibrated for rmSV" 00 0.0 ol 0.0 nm/s

y . . X .
| 2500 seconds before the GPS rmsv; 01 0.0 01 0.0 mm/s
gap). MSpeading 0.3 0.6 2.8 -0.3  arcsec
L . "MSpich 0.1 0.1 0.2 0.0 arcsec
- Ambiguity Resolution Mspon 0.0 0.0 0.1 0.0 arcsec
! Aland-based GPS/INS system
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The mean, standard deviation (std)

attitude between solutions (3) and (5).

Difference Mean Std Max Min
rmsy 2.9 1.8 7.2 0.2
rmsg 1.0 0.9 6.6 0.0
rmsy, 8.1 4.5 25.6 0.6
rmsy, 0.2 0.0 0.4 0.0
msy, 0.0 0.0 0.4 0.0
rMsyq 0.3 0.2 0.7 0.0
FMS4eading 1.8 3.1 15.9 -0.4
MSpich 03 0.4 0.8 -0.0
MSga 0.1 0.2 0.5 0.0

, maximum,
and minimum rms differences in position, velocity, and

TABLE 2 The mean, standard deviation (std), maximum,
and minimum rms differences in position, velocity, and

attitude between sofutions (4) and (5).
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1| Cycle-slip detector : GPS/PL Predicted position Phase '

! | based on geometry- |1 satellites and ionosphere observations | |
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mm | ' v v v .
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arcsec ; : ] v
arcsec 1| Kaiman filter Ambiguity search algorithm: FreeINS |1 '
arcsec | | Measurement Determine search window and navigation [ ! |

(| updateusing | | ambiguity candidates based on or I
: satetlvllte Ob.-th Success the prediction accuracy and Failure PL/INS : i
servations wi : ; ;

A iiag — A integration :

i | fixed ambiguity (A%5aciraa = Ad00) 9 .
b e e e e e T I - ———_.__ T/ - H

Difference Mean Std Max Min Units guitjes qu1ck]y after short loss-
msy 34 2.0 8.1 0.2 mm es of GPS lock (e.g., for a GPS
rmsg 2.1 1.7 10.] 0.0 mm gap of 30 seconds, 92-100 per-
:Q:H 8; g? Zgg 88 mrr:;; cent of ambiguities can be

rmsxn 01 0l 06 0.0 mm/s resolved within the first two |
rmsV: 03 0.2 0.7 0.0  mm/s epochs, if zero velocity update

MSyeading 2.5 42 21.9 -0.] arcsec | calibration is also performed; |
MMSpiecy 0.4 0.4 1.0 0.0 arcsec | for 60-second gaps, 67-100 per-
MSpgy 0.2 0.2 0.6 0.0 arcsec cent of ambiguities can be
resolved within the first 20

epochs). However, the sys-

o7 temn may become less reli-
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FIGURE 7 Three-dimensional position errors as a function of the
number of pseudolites used in the solution (INS/PL).
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i
£ providing a fast means of recovery after
| the signal is reacquired, are very impor-
j tant characteristics of a well-designed
| system. Naturally, fast and reliable ambi-
| guity resolution will play a crucial role
! in the navigation accuracy after GPS sig-
| nal reacquisition.

| The original GPS/INS integrated sys-
g tem, AIMS, developed at The Ohio State
! University, can provide fast and reliable
| detection of cycle slips and can fix ambi-

|
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calibration, and vehicle
dynamics prior to the loss
of lock).

Introducing a PL array augments the
effective number of satellites when few

exceeds a few tens of kilo- |
meters. This behavior |

able in cases of frequent
and extended losses of |

the ambiguity resolution
algorithm (cycle-slip detec-

predictor, which is accu- !

short time (up to approx- -
imately 60-80 seconds, |

ty of INS, the level of its !

GPS satellites are available and should |
present better and more-stable approx- |
imation for the ambiguity resolution .
module compared with that from the
INS predictor only, which we will now

demonstrate.

Figure & illustrates the primary prin- ‘

ciples of the PL-supported ambiguity res-
olution in the GPS/INS/PL system. First,

FIGURE 8 Pseudolite-supported ambiguity resolution scheme.

we used the INS-predicted position and
lonosphere information (for long base-
lines, ionospheric effects are estimated
from dual-frequency carrier-phase data)
from the previous epoch together with
the GPS/PL coordinates to calculate the
predicted DD carrier phases, and we
formed the measured DDs. This step is
based on the assumption that a mini-
mum of four GPS satellites is avail-
able, and it still holds with the aug-
mentation of PLs. The second step applies
a cycle-slip detector based on geometry-
free and wide-lane combinations that
require both L1 and L2 data. If the PLs
transmit both L1 and L2 signals, they
could also be used in this step. However,
the PLs we used transmitted only on L1.

The next step depends on the result
of the first two steps; if the approxi-
mation is sufficiently good and no cycle
slip exists, the fixed ambiguities (from
the previous epoch) can be used direct-
ly in the Kalman filter GPS measurement
update. Otherwise, the processor enters
the ambiguity search loop.

In the scarch algorithm, the software
estimates the ambiguity candidates from
the INS/PL prediction and determines
the search window according to the pre-
diction accuracy. The search results
depend on the accuracy of the ambi-
guity prediction and the width of the
search window. The final step -— GPS
measurement update — follows if the
ambiguities are successfully solved.
Otherwise the system can use the PL data
to update the filter if no cycle slips were
detected on PL signals. The ambiguity
resolution step is repeated on an epoch-

by-epoch basis if the ambig::itics cannot
be fixed instantly.
To evaluate the perforiiuice of the

PL-supported ambiguits rosolution,




- we processed the GPS/INS/PL

marily o function of the INS

0.20 1 - — -
data combining the real and e ‘! quality. A more significant
. simulated PL signals. We intro- = 0.18 LT PSS PLY difference between the top
* duced multiple gaps of 90 and % 0.16 A and the bottom of Table 4,
- 120 seconds into the GPS data, E ] / due to the increased num-
 leaving only the reference satel- a 014+ ; !\\ /1 ber of PLs, can be observed
lite (in our current configura- g 0.12 a LI | for the case of three and six
tion no PL/PL DDs are formed). ® /j ; i Y { PLs.
. o 0. g 3 - .
Thus, during a GPS gap, we g - % i To further illustrate the
used the INS/PL navigation £ 0.08 / L benefits of including PLs
mode. We obtained several e 0.06 » k "‘/1‘ in the GPS ambiguity res-
i solutions with a varying num- g —J : | — olution procedure after a
ber of PLs (0, 1, 3, or 6); Tabie £ 004p- ; i GPS signal blockage, 7
4 compares the ambiguity res- 0.02 ’ 2 compares the L1 mini-
olution speed for these solu- mum detectable bias (MDB)
i 0 . - - : . : : — for s ions with all seve
tions. The nun'lber of PLs ar{d 0 500 1000 1300 2000 2500 3000 3500 4000 | for folu?l()na\gth all seven
the gap duration are the pri- Epoch from 509202 to 513201 (seconds) + to eight satellites (GPS/INS),

i mary variables in Table 4.
Table 4 shows that during
the first 5 seconds after a 90-
' second gap, 100 percent of the
ambiguities were fixed with the presence
of six PLs, while only approximately
76 percent can be fixed with the support
from three PLs. Clearly, a good con-
stellation of six PLs and the highest GPS
satellite provided, together with INS data,
a very good ambiguity prediction and

ST 0

MDB comparison as a function of the number of PLs used
(the spikes around epoch 1800 reflect the loss of PL signal).

allowed a quick validation, as compared
with the case having only three PLs. Also,
the GPS gap duration affects the speed
of the ambiguity resolution after the GPS
signal is reacquired. For different gaps
and one PL or no PL solutions, howev-
er, the quality of the prediction is pri-

all GPS satellites and six
PLs (GPS/INS/PL6), and
four highest GPS satellites
and six PLs (GPS4/INS/PL6).
MDB is a measure of the internal reli-
ability of the solution; i.e., the ability
of the redundant observations to detect
and identify specitic model errors. In
other words, it describes the size of model
errors that can be detected by using the
appropriate test statistics and can be

NAVTECH'S

2003 Tutorials

Join us prior to
ION GPS/GNSS 2003
for 2 days of
33 half-day and evening
technical sessions covering
19 hot topics.

Find full tutorial descrjptions at:
. GPselc.com
Classes will be held in Portland, Oregon on Sept. 8-9,

prior to the world's largest GPS / GNSS meeting
on Sept. 9-12 with over 90 exhibits.

Come up to speed on your GPS knowledge!

Navtech Seminars courses @naviechgps.com

N —
& GPS Supply, Inc. BRI  Teovhone (703 2568900
6121 Lincolnia Road, Suite 400 | ."\ j _Fraﬁ:f . gos)C isg-dsagsa
Alexandria VA « 22312 « USA - 1 oll free from or Cani :
=t (800) 628-0885

Further Reading

For an introduction to pseudolites and their uses, see

» “Pseudolites: Enhancing GPS with Ground-Based
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No. 11, May 1998, pp. 55-60.

For information about The Ohio State University’s Airborne
Integrated Mapping System, see

« “High-Accuracy Airborne Integrated Mapping System,” by
D.A. Grejner-Brzezinska, in Advances in Positioning and
Reference Frames, the Proceedings of the International
Association of Geodesy Scientific Assembly (edited by F.
Brunner), Rio de Janeiro, Brazil, 3-9 September 1997, pp.
337-342.

=“Direct Exterior Orientation of Airborne Imagery with
GPS/INS System: Performance Analysis,” by D.A. Crejner-
Brzezinska, Navigation, Vol. 46, No. 4, 1999, pp. 261-270.

For further details about augmenting a GPS/INS system
with pseudolites, see

= "Robust GPS/INS Integrated System in Urban Region:
GPS/INS/Pseudolite Integration,” by Y. Yi, in the Proceedings of
ION GPS 2002, the 15th International Technical Meeting of the
Satellite Division of The Institute of Navigation, Portland,
Oregon, September 24-27, 2002, pp. 2396-2405.

» “Experimental GPS/INS/Pseudolite System for Kinematic
Positioning,” by D.A. Grejner-Brzezinska and Y. Yi, Survey
Review, Vol. 37, No. 288, 2002, pp. 113-126.

» “GPS/INS/Pseudolite Integration: Concepts, Simulation,
and Testing,” by J. Wang, L. Dai, T. Tsujii, C. Rizos, D.A.
Grejner-Brzezinska, and C.K. Toth, in Proceedings of ION CPS
2001, the 14th international Technical Meeting of the Satellite
Division of The Institute of Navigation, Salt Lake City, Utah,
September 11-14, pp. 2707-2715.
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resolutlon speed based on 120-second
gaps with 10 segments (top) and 90-
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Percent of Fixed

Ambiguity Ambiguities as a Function :
fixing speed (s) of Number of PLs
0 1 3 6

i After 120-s GPS Gap
LS 30 50 70 90
. 6-30 40 40 20 10
. >30 unfixed 36 10 10 0
; After 90-s GPS Gap
R 46 61 76 100
i 6-30 31 15 g 0
i >30 unfixed 23 24 16 0

i

computed on the basis of the network
configuration and the stochastic model
(no observations are needed). Thus, MDBs
can be computed in the design or plan-
ning stage of a survey or experiment and
are important diagnostic tools to infer
the strength with which positioning mod-
els can be validated. In general, a small
MDB (e.g., below 0.5 cycle) indicates the
system's capability of detecting the small-
est cycle slips. Clearly, low PLs can replace
the missing GPS satellites and create a
very strong geometry and small MDB.

Summary and Conclusions

Our performance analysis of a GPS/
INS/PL model based on the experimen-
tal and simulated data clearly indicates
the advantages of using PLs in land-based
mobile mapping and precision naviga-
tion. We demonstrated improvements in
RDOP, RVDOP, and rms, especially in
the vertical component of a GPS/INS/PL
solution compared with a GPS/INS solu-
tion that included a limited number of
GPS satellites. A practical example of on-
the-fly ambiguity resolution with vari-
ous numbers of PLs included indicat-

ed that use of PL arrays is very benefi-
cial. Other issues such as multipath mit-
igation (especially in kinematic and
indoor applications), the stochastic prop-
erties of PL observables, and the opti-
mal locations of PLs and the possible
presence of multipath bias in pseudo-
lite signals, especially when patch anten-

isan
assistant professor in the Department of
Civil and Environmental Engineering and
Geodetic Science at OSU. She previously
was a research specialist at the OSU
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t surveving and land management from

nas are used, are the subjects of further

research.
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